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HIGHLIGHTS 


•  Li4Ti5012  coated  graphite  were  obtained  by  a  hydrothermal  process. 

•  Li4Ti50i2  coated  graphite  were  first  used  in  piperidinium-based  electrolytes. 

•  Li4Ti50i2  coating  helps  to  improve  the  graphite/electrolyte  interfacial  stability. 

•  The  modified  graphite  with  5  wt.%  Li4Ti50i2  revealed  excellent  cell  performances. 
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The  electrochemical  performances  of  the  2  wt%  and  5  wt%  Li4TisOi2  coated  carbon  microbeads  (CMB) 
composites  in  the  piperidinium-based  hybrid  electrolytes  are  investigated.  Particularly,  the  interfacial 
properties  and  crystal  structures  of  cycled  LTO-CMB  electrodes  are  explored  by  means  of  scanning 
electron  microscopy,  electrochemical  impedance  and  X-ray  diffraction.  It  is  found  that,  the  Li4TisOi2 
coating  can  help  to  reduce  the  interfacial  reactions  and  decrease  the  initial  irreversible  capacity.  At  0.05 
C,  the  initial  coulombic  efficiency  are  improved  from  62.7%  of  pristine  CMB  to  63.5%  of  2%  LTO-CMB  and 
72.5%  of  5%  LTO-CMB  respectively.  However,  due  to  its  incomplete  surface  coating,  the  discharge  ca¬ 
pacities  of  2%  LTO-CMB  vary  with  cycle  number  as  an  undulate  shape,  and  show  a  large  capacity  loss.  By 
contrast,  the  cycled  5%  LTO-CMB  covered  by  a  stable  and  dense  granular  surface  film,  shows  better  rate 
capability  and  cycle  life.  The  discharge  capacity  can  always  maintain  about  290  mAh  g-1  during  the  first 
22  cycles  at  0.1  C.  Even  at  1  C  or  2  C,  the  reversible  capacity  is  about  50-100  mAh  g-1  higher  than  the 
unmodified  CMB. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  the  hybrid  electrolytes  of  ionic  liquids  (ILs)  with 
organic  solvents  have  aroused  strong  interest  of  researchers  due  to 
their  reasonable  ionic  conductivity,  high  chemical  and  thermal 
stabilities,  and  high  safety  [1-3  .  However,  there  are  still  some 
intrinsic  barriers  to  be  resolved  for  the  realistic  application  of 
graphite  anodes  with  the  hybrid  electrolytes.  (1 )  Comparatively  low 
charge-discharge  capacity.  For  example,  S.  F.  Lux  [4]  and  B.  S.  Lalia 
[5]  reported  the  discharge  capacities  of  graphite/Li  cells  with  1.0  M 
LiTFSI-PYR14TFSI-5  wt%VC  and  0.4  M  LiTFSI-PP13TFSI-10  vol%  EC 
were  only  130  and  154.2  mAh  g-1,  respectively.  Moreover,  A.  Guerfi 
et  al.  6]  also  found  that  the  first  two  discharge  capacities  of  MCMB/ 
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Li  cells  using  the  EMITFSI/50  wt%  organic  solvent  based  electrolyte 
showed  255  and  248  mAh  g_1  at  C/24  rate,  which  were  much  lower 
than  that  using  conventional  organic  electrolyte.  (2)  Excessively 
high  electrode/electrolyte  interfacial  resistance.  Recently,  A.  Lew- 
andowski  et  al.  7]  tested  the  electrochemical  impedance  spectra  of 
Li/0.4  M  LiTFSI-PPi3TFSI-7.5  wt%  VC-PVdF-co-HFP/Li  symmetric  cell 
and  found  that  the  interfacial  impedance  increased  from  400  Q  up 
to  50  kQ  after  47  days  of  storage.  Meanwhile,  the  discharging  ca¬ 
pacity  of  the  corresponding  graphite/Li  half  cell  dropped  from  the 
initial  270  to  120  mAh  g-1  after  50  cycles  at  10  mA  g'1  rate.  (3) 
Large  initial  irreversible  capacity  and  fairly  poor  rate  performance. 
H.  Zheng  et  al.  [8]  investigated  the  cycling  performance  of  natural 
graphite  against  lithium  in  1  M  LiTFSI-TMHATFSI-20  vol%  EC  at 
30  °C.  During  the  initial  20  cycles,  the  discharge  capacity  dropped 
rapidly  from  the  initial  330  to  280  mAh  g_1  at  15  mA  g-1  rate.  And 
the  coulombic  efficiency  was  only  increased  from  68%  to  83.7%  for 
the  first  three  cycles.  Y.  An  et  al.  [9]  also  found  that  in  1.0  M  LiPF6-50 
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vol%  PP13TFSI-EC/DEC,  the  first  discharge  capacity  of  graphite-hard 
carbon  composite  at  0.15  C  was  only  205  mAh  g_1,  and  coulomb 
efficiency  is  only  68%.  When  the  charge-discharge  rate  increased 
to  0.3  C,  the  value  of  capacity  is  even  lower  than  100  mAh  g_1.  All 
the  above-mentioned  problems  are  closely  related  to  solid  elec¬ 
trolyte  interphase  (SEI).  Surface  coating  may  help  to  improve  the 
interfacial  compatibility  between  carbon  electrodes  and  ILs-based 
electrolyte. 

Lately,  the  electrochemical  performances  of  LUTisO^  coated 
graphite  composites  in  the  conventional  organic  electrolytes  have 
been  investigated.  The  modified  graphite  could  suppress  effectively 
the  growth  of  interfacial  resistance  and  charge-transfer  resistance 
during  the  prolonged  charging-discharging  cycles,  and  decrease 
greatly  the  initial  irreversible  capacity  by  the  reduced  interfacial 
reactions  [10].  M.  Lu  et  al.  [11  further  pointed  that  the  reduced 
charge  transfer  resistance  could  be  attributed  to  the  lithiated 
LUTisO^  (LiyTisO^  or  LigTi50i2)  with  a  higher  electronic  conduc¬ 
tivity,  located  on  the  surface  of  graphite  electrode.  Even  in  the  case 
of  ILs-based  electrolytes,  the  spinel  LUTisO^  electrodes  still  behave 
as  well  as  that  in  the  common  organic  electrolytes.  For  example,  P. 
Resl  et  al.  12]  found  that  LUTisO^  had  the  clear  redox  peaks  and 
flat  voltage  profiles  in  0.2  M  LiTFSI-PYR24TFSI,  which  were  com¬ 
parable  with  that  in  organic  electrolytes.  The  reversible  capacity 
was  close  to  the  80%  of  theoretical  value  at  0.1  C  rate,  and  had  no 
deterioration  with  cycling.  L.  Lombardo  et  al.  13]  reported  that  the 
full  Li-ion  cell  realized  by  coupling  LiFeP04  and  LLfTisO^  electrodes 
showed  stable  capacity  (about  150  mAh  g_1)  during  the  first  ten 
cycles  at  C/5  rate  in  1.0  M  LiPF6-EC/DMC-70  wt%  PYR14TFSI  hybrid 
electrolyte.  Therefore,  the  Li4Ti50i2  coating  might  be  beneficial  to 
solve  the  problems  that  graphite  anodes  exist  in  the  ILs-based 
electrolytes,  such  as  poor  electrochemical  performance,  high 
interfacial  resistance  and  large  initial  irreversible  capacity,  etc. 

In  our  recent  work  14],  the  hybrid  electrolytes  (0.4  mol  kg-1 
LiPF6-60  wt%  PP13TFSI-EC/DEC)  showed  the  combined  advantages 
of  high  ionic  conductivity  and  excellent  thermal  safety,  but  the  first 
five  discharge  capacity  of  carbon  microbeads  (CMB)  electrode  were 
no  more  than  180  mAh  g-1.  The  higher  interfacial  resistance  should 
take  partly  responsibility  for  this  poor  performance.  Aim  to  further 
improve  the  electrochemical  performance  of  CMB  material,  here 
we  prepared  the  LEfT^O^  coated  CMB  (LTO-CMB)  composites. 
Their  physical  properties  and  electrochemical  performances  in  the 
piperidinium-based  hybrid  electrolytes  were  compared,  and  then 
the  positive  factors  and  possible  mechanism  were  discussed. 


2.  Experimental 
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Fig.  2.  XRD  patterns  of  pristine  CMB,  Li4Ti50i2,  2%  and  5%  LTO-CMB  samples. 


carbonate  (DEC)  were  obtained  from  Zhangjiagang  Guotai-Huarong 
New  Chemical  Materials  Co.,  Ltd.  Lithium  hexafluorophosphate 
(LiPFe)  was  provided  from  Beijing  Ruizhi-Tianxing  technology 
trades  Co.,  Ltd.  The  carbon  microbeads  (CMB)  materials  were  sup¬ 
ported  by  Xinxiang  Huaxin  Energy  Materials  Co.,  Ltd. 

2.2.  Methods 

The  schematic  of  the  preparation  process  of  LTO-CMB  composite 
was  shown  in  Fig.  1.  The  intended  LLfTisO^  amounts  are  2  wt%  and 
5  wt%  of  the  total  LTO-CMB  composites  (denoted  as  2%  and  5%  LTO- 
CMB,  respectively).  They  were  prepared  via  a  hydrothermal  process 
followed  by  a  solid-state  calcination.  Firstly,  the  pristine  CMB 
powders  were  pretreated  in  63%  HNO3  at  60  °C  for  6  h  followed  by 
washing  with  deionized  water.  Secondly,  the  stoichiometric 
amount  of  tetrabutyl  titanate  and  lithium  hydroxide  (i.e.  Li/ 
Ti  =  4:5)  were  thoroughly  mixed  in  an  adequate  ethanediol  at 
ambient  temperature  using  a  magnetic  stirrer  in  a  closed  container 
for  about  12  h.  Thirdly,  the  ultrasonic  dispersed  CMB  powders  in 
the  water-ethanediol  solvent  were  added  into  the  above  salts  so¬ 
lution,  and  the  mixture  was  kept  strongly  stirring  for  few  minutes. 
Then,  the  obtained  solution  was  transferred  to  a  100  mL  Teflon- 
lined  stainless  autoclave  and  stayed  in  an  oven  at  180  °C  for  36  h. 
Finally,  the  powers  deposited  at  the  bottom  of  the  reactor  were 
filtered,  and  dried  in  oven  at  80  °C  to  remove  the  residual  solvents. 
To  form  the  LTO-CMB  composites,  the  precursors  were  heat-treated 
at  600  °C  for  8  h  in  a  vacuum  oven. 


2.2.  Materials 

N-methyl-N-propylpiperidinium  bis(trifluoromethanesulfonyl) 
(PP13TFSI,  >99%)  was  purchased  from  Shanghai  Cheng-Jie  Chemical 
Co.,  Ltd.  The  battery-grade  ethylene  carbonate  (EC)  and  diethyl 


2.3.  Structural  characterization 

The  phases  and  crystal  structures  were  analyzed  by  powder  X- 
ray  diffraction  (Ultima  IV,  Rigaku)  employing  Cu  Ka \  radiation 
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Fig.  1.  Schematic  illustration  of  the  preparation  process  of  LTO-CMB  composite  by  a  hydrothermal  method. 
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(A  =  0.154056  nm)  in  the  two-theta  range  of  10-80°.  The  surface 
morphologies  were  observed  using  the  scanning  electron  micro¬ 
scope  (SEM,  JSM-7500F,  Hitachi)  equipped  with  an  energy  disper¬ 
sive  X-ray  analyzer  (EDS,  Oxford  Inca  PentaFET  x  3).  The  specific 
surface  area  was  determined  by  the  aid  of  BET  surface  area  and  pore 
size  analyzer  (SA3100,  America  Beckman  Coulter). 

2.4.  Electrochemical  measurement 

The  hybrid  electrolytes  were  manufactured  by  the  dissolution  of 
0.7  mol  kg-1  LiPFg  salt  in  the  PP13TFSI  and  EC-DEC  co-solvents  with 
the  mass  ratio  of  40  wt%  and  60  wt%,  which  was  hereafter  referred 
to  as  0.7  mol  kg-1  LiPF6-40  wt%  PP13TFSI-EC/DEC.  The  working 
electrodes  consisting  of  LTO-CMB  powders  (90  wt%)  and  poly- 
vinylidene  fluoride  binder  (10  wt%)  were  first  cut  into  the  disks 
with  16  mm  in  diameter  and  further  vacuum  dried  at  100  °C  for 
12  h.  The  glass  microfiber  filter  paper  with  0.5  mm  thickness 
(Zhangjiagang  Tianlei  AGM  Co.,  Ltd.)  was  used  as  the  separator. 
Subsequently,  the  CR2025  coin  cells  were  assembled  in  an  argon- 
filled  glove  box. 

The  charge-discharge  performances  were  characterized  on  a 
5  V/2  mA  battery  testing  system  (Land  2005A,  Wuhan  Jinnuo 
Electronics  Co.,  Ltd.)  with  cut-off  voltage  of  0.01-1.5  V  vs.  Li/Li+  at  a 
constant  current  from  0.05  C  to  2  C.  The  cells  impedance  spectra 
were  measured  using  an  electrochemical  workstation  (CHI  604D, 
Shanghai  CH  Instruments,  Inc.).  The  frequency  range  and  voltage 
amplitude  were  set  from  100  kHz  to  0.01  Hz  and  at  5  mV, 
respectively. 

3.  Results  and  discussion 

Fig.  2  compares  XRD  patterns  of  pristine  CMB,  Li4Ti50i2,  2%  and 
5%  LTO-CMB  samples.  The  pristine  CMB  shows  the  typical 


hexagonal  graphite  structure,  whose  main  peaks  of  26  are  26.410°, 
42.311°,  44.460°,  54.580°  and  77.392°  (JCPDF  No.  41-1487),  while 
the  Li4Ti50i2  sample  exhibits  the  main  X-ray  diffraction  peaks  at 
18.331°,  35.571°,  43.242°,  57.213°,  62.833°  and  66.073°,  which  can 
be  assigned  to  a  cubic  spinel  LLfTisO^  with  Fd3m  space  group 
(JCPDF  No.  49-0207).  In  the  case  of  LTO-CMB  composites,  the 
certain  distinguishable  characteristics  of  CMB  and  LLfTisO^  appear 
at  the  same  time,  indicating  the  two  phases  coexistence. 

Fig.  3  compares  the  SEM  photos  of  pristine  CMB,  2%  and  5%  LTO- 
CMB  samples.  It  is  easy  to  see  that,  compared  with  the  original 
spherical  particles  with  lightly  rough  surface,  2%  LTO-CMB  is 
partially  interspersed  with  the  ribbons,  while  5%  LTO-CMB  is  uni¬ 
formly  covered  by  the  thicker  shell.  From  the  amplified  inset  image 
we  can  further  observe  that  the  LizfTisO^  layer,  located  on  the 
surface  of  LTO-CMB  samples,  actually  consists  of  many  tiny  and 
uniform  particles.  Clearly,  5%  LTO-CMB  can  realize  the  larger 
coverage  rate  than  2%  LTO-CMB.  To  further  discover  the  surface 
characteristics  after  Li4Ti50i2  coating,  the  EDS  comparative  tests 
were  carried  out  at  the  typical  position  (point  A  and  B)  with  sig¬ 
nificant  morphological  differences  on  the  surface  of  2%  LTO-CMB. 
As  expected,  the  exposed  surface  (point  A)  consists  largely  of  car¬ 
bon,  while  the  area  covered  by  fine  powders  (point  B)  presents 
obvious  Ti  element.  A  little  oxygen  element  reasonably  come  from 
oxidized  graphite  and  lithium  titanate.  Based  on  the  above  results, 
the  Li4Ti50i2  phase  can  be  successfully  coated  on  the  surface  of 
CMB  material  by  the  designed  hydrothermal  process. 

Furthermore,  the  specific  surface  area  of  original  CMB  was 
2.787  m2  g-1,  after  coating  it  increased  to  2.841  and  3.085  m2  g-1 
for  2%  and  5%  LTO-CMB,  respectively.  Obviously,  this  result  was 
caused  by  the  introduced  nano-sized  Li4Ti50i2  with  large  specific 
surface  area. 

Fig.  4  compares  the  first  two  charge-discharge  curves  of  the 
samples  with  and  without  Li4Ti50i2  coating  in  the  hybrid 
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Fig.  3.  SEM  photographs  of  pristine  CMB,  2%  and  5%  LTO-CMB  and  EDS  analysis  of  2%  LTO-CMB. 
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electrolyte,  and  the  performances  of  5%  LTO-CMB  in  organic  elec¬ 
trolyte  were  also  shown  as  a  reference.  To  better  observe  curve 
plateaus,  the  local  amplified  dQJdV  curves  were  embedded  into 

Fig.  4. 

Fig.  4a  shows  that  the  first  charge  and  discharge  capacities  of 
pristine  CMB  in  0.7  mol  kg-1  LiPF6-40%  PP13TFSI-EC/DEC  are  438.3 
and  274.7  mAh  g-1,  respectively.  The  initial  coulombic  efficiency 
(CE)  is  only  62.7%.  The  large  irreversible  capacity  can  be  attributed 
to  the  CMB/electrolyte  interfacial  reactions,  which  mainly  include 


the  intercalation  of  PP^3  at  around  1.0  V  and  the  decomposition  of 
organic  solvents  (EC-DEC)  between  0.8  V  and  0.3  V  [5,15-19]. 
However,  the  charge  capacity  at  2nd  cycle  rapidly  decreases  to 
275  mAh  g_1  and  the  corresponding  CE  increases  to  96.5%.  The 
charge-discharge  behaviors  of  oxidized  CMB  are  as  same  as  pris¬ 
tine  CMB,  such  as  the  first  two  discharge  capacities  of  270.8  and 
264.6  mAh  g-1,  and  the  poor  initial  CE  (65.5%)  etc.  The  both  samples 
without  LUTisO^  showed  two  main  interfacial  events  of  PP^3 
insertion  and  EC-DEC  decomposition  in  1.0  V— 0.3  V  range  during 


Fig.  4.  The  first  two  charge-discharge  and  amplified  differential  capacity  curves  of  (a)  pristine  CMB,  (b)  oxidized  CMB,  (c)  2%  LTO-CMB,  (d)  5%  LTO-CMB  in  0.7  mol  kg  1  LiPF6-40% 
PP13TFSI-EC/DEC,  and  (e)  5%  LTO-CMB  in  1.0  M  LiPF6-EC/DEC. 
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the  first  charge,  which  could  be  clearly  illustrated  by  theirs  dQJdV 
inserts  in  Fig.  4a  and  b.  But  a  tiny  change  is  worth  to  note  that  the 
potential  of  PPt3  insertion  moved  from  1.0  V  to  0.93  V  after 
oxidation  treatment.  Under  the  same  test  conditions,  the  most 
likely  reason  for  it  is  the  detailed  surface  variation  of  oxidized  CMB. 
After  being  coated  with  Li4Ti50i2,  the  LTO-CMB  composites  had  an 
obvious  charge  plateau  at  around  1.5  V  ascribed  to  the  intercalation 
of  Li-ions  into  Li4Ti50i2  structure,  while  the  charge  plateau  at 
around  1.0  V  almost  disappears,  indicating  the  impaired  interca¬ 
lation  of  PP^3  cations.  These  behaviors  are  very  similar  to  that  in 
organic  electrolytes  (Fig.  4e),  except  the  capacity  decay  by  the 
impact  of  electrolyte  viscosity  and  ionic  conduction.  The  compari¬ 
son  convince  that,  when  CMB  is  used  in  the  PPi3TFSI-based  elec¬ 
trolyte,  Li4Ti50i2  coating  can  greatly  help  to  avoid  the  plague  by 
PP^3  insertions.  Furthermore,  from  the  magnified  inserts  in  Fig.  4c 
and  d,  we  can  observe  that  the  first  differential  capacity  curves  in 
the  zone  of  0.8-0.3  V  slightly  approach  the  base  line  with  the 
increasing  Li4Ti50i2.  This  phenomenon  implies  that  Li4Ti50i2 
coating  can  also  restrain  the  interfacial  decomposition  of  EC-DEC  to 
some  extent.  Note  that  5%  LTO-CMB  delivers  a  maximal  first  CE  of 
72.5%  in  all  tested  samples  with  the  hybrid  electrolyte,  while  the 
63.5%  of  2%  LTO-CMB  is  only  comparable  to  that  of  the  samples 
without  Li4Ti50i2  coating.  In  fact,  for  LTO-CMB  samples,  the  initial 
irreversible  capacities  partly  come  from  the  irreversible  Li+  in¬ 
sertions  into  Li4Ti50i2  limited  by  the  cut-off  voltage  of  0.01-1.5  V. 
For  this  reason,  the  irreversible  capacities  calculated  above  are 
running  high.  As  far  as  CMB  materials  are  concerned,  the  actual 
reversibility  gets  greatly  improved.  In  addition,  the  Li4Ti50i2 
coating  doesn't  seriously  affect  the  subsequent  cycles,  the  typical 
lithium  intercalation/de-intercalation  behaviors  into/from  CMB 
electrodes  can  be  observed  obviously  from  the  subsequent  char¬ 
ge-discharge  curves.  At  2nd  cycle,  2%  and  5%  LTO-CMB  show  the 
high  discharge  capacities  of  246.1  and  245.7  mAh  g-1,  and  the 
corresponding  CEs  are  94.7%  and  92.5%,  respectively. 

Fig.  5  shows  the  charge-discharge  capacity  as  a  function  the 
cycle  number  for  CMB  and  LTO-CMB  samples.  It  can  be  clearly  seen 
from  Fig.  5a  that  the  discharge  capacities  of  CMB/Li  cell  first  fade 
slowly  and  then  fluctuate  severely  with  a  serious  capacity  loss.  At 
last,  it  drops  down  to  170.2  mAh  g-1  and  the  corresponding  ca¬ 
pacity  retention  is  61.9%.  In  Fig.  5b,  2%  LTO-CMB  exhibits  a  more 
serious  capacity  loss  than  pristine  CMB,  its  discharge  capacity  at 
22nd  cycle  is  only  142.3  mAh  g-1.  Here,  the  undulate  plot  should  be 
worth  to  note.  We  speculate  that  the  unusual  performance  should 
be  related  to  its  incomplete  surface  coating.  Because  of  different 


surface  materials,  the  interfacial  reactions  may  vary  with  the 
different  position  on  the  2%  LTO-CMB  surface.  Therefore,  the 
existing  microscopic  stresses  caused  by  the  non-uniform  passiv¬ 
ated  products  (or  the  released  trace  gasses)  could  make  the 
Li4Ti50i2  layer  loose.  Then  the  generated  microgap  should  lead  to 
the  larger  contact  resistance  and  worsen  the  cell  performance. 
However,  when  the  Li4Ti50i2  coating  was  completely  exfoliated, 
the  newly  exposed  surface  should  be  sufficiently  penetrated  by  the 
hybrid  electrolyte.  As  a  result,  the  charge-discharge  capacity 
should  be  improved  again.  By  contrast,  benefiting  from  the  more 
integrated  coating,  5%  LTO-CMB  shows  the  best  charge-discharge 
performance  in  three  samples.  After  22  cycles,  the  discharge  ca¬ 
pacity  is  still  293.8  mAh  g-1,  which  is  even  higher  than  the  initial 
capacity  of  273.2  mAh  g-1. 

Fig.  6  compares  the  discharge  capacities  of  CMB,  2%  and  5%  LTO- 
CMB  with  0.7  mol  kg-1  LiPF6-40  wt%  PP13TFSI-EC/DEC  at  different 
rate.  Compared  with  pristine  CMB,  2%  LTO-CMB  shows  some  slight 
improvement  in  rate  performances,  although  the  discharge  ca¬ 
pacities  still  fluctuate  during  the  first  ten  cycles.  5%  LTO-CMB  has 
the  best  rate  performance,  whose  specific  capacity  is  around 
140  mAh  g_1  at  1  C,  and  approaches  to  100  mAh  g-1  even  at  2  C, 
while  that  of  pristine  CMB  is  only  20-30  mAh  g-1  at  2  C.  According 
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Fig.  6.  Rate  performances  of  CMB,  2%  and  5%  LTO-CMB  in  0.7  mol  kg  1  LiPF6-40  wt% 
PPisTFSI-EC/DEC. 
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Fig.  7.  Coulombic  efficiencies  (CEs)  of  CMB,  2%  and  5%  LTO-CMB  at  different  rate  in 
0.7  mol  kg^1  LiPF6-40  wt%  PP13TFSI-EC/DEC. 


to  C.Y.  Ouyang's  report  20],  the  lithiated  LLfTisO^  has  a  high 
electronic  conductivity  similar  to  metal.  This  may  be  an  important 
positive  factor  for  the  better  rate  performances  of  LTO-CMB  com¬ 
posites.  Furthermore,  when  the  current  density  is  switched  back  to 
0.2  C  in  the  final  test  period  (22nd-26th),  the  average  capacities  of 
CMB,  2%  and  5%  LTO-CMB  correspond  to  76.8%,  71.6%  and  77.1%  of 


that  in  the  initial  section  (2nd-6th),  respectively.  The  result  may  be 
caused  by  the  different  growth  of  the  interfacial  resistance  during 
testing.  Here,  5%  LTO-CMB  exhibits  the  best  capacity  recovery. 

The  effect  of  different  rate  on  the  CEs  of  CMB,  2%  and  5%  LTO- 
CMB  in  0.7  mol  kg-1  LiPF6-40%  PP13TFSI-EC/DEC  is  shown  in 
Fig.  7.  The  low  initial  CEs  of  three  samples  were  significantly 
improved  at  2nd  cycle,  and  grew  gradually  near  to  100%  in  the 
subsequent  several  cycles.  Note  that,  at  0.1  C,  the  CEs  of  5%  LTO- 
CMB  increase  slowest  in  the  three  samples.  It  needs  about  twelve 
cycles  to  achieve  a  maximum  of  CE.  The  fine  powders  coated  on  the 
CMB  surface  might  impede  the  electrolyte  penetration  into  solid 
electrode,  and  prolong  the  formation  of  SEI  films.  However,  at  0.2  C, 
2%  LTO-CMB  shows  the  lowest  CEs  at  the  2nd  and  3rd  cycles.  This 
result  suggests  that  the  interfacial  reactions  should  also  be  influ¬ 
enced  by  current  intensity.  Furthermore,  2%  LTO-CMB  have  slightly 
lower  CEs  at  10th  and  21st  cycle  just  matching  its  fluctuant  ca¬ 
pacities.  This  observation  might  further  promote  the  preceding 
speculation  that  a  renewed  surface  passivation  could  occur  at  the 
exposed  position  of  the  LLfTisO^  layer  peeling.  Additionally,  it  also 
should  be  pointed  out  that  the  CEs  of  5%  LTO-CMB  at  0.1  C  grow 
with  the  increase  of  cycling,  but  the  highest  values  are  still  less  than 
99.2%  appeared  at  the  21st  cycle.  There  may  be  always  a  few  mild 
interfacial  reactions  at  5%  LTO-CMB/hybrid  electrolyte  interface. 

Fig.  8  shows  the  surface  morphologies  of  the  cycled  electrodes.  It 
can  be  seen  that,  the  cycled  CMB  has  a  smooth  surface  covered  by 
SEI  film.  In  the  case  of  2%  LTO-CMB,  the  cycles  produce  much 
exfoliation  from  the  spherical  CMB  substrates.  This  may  be  the 
main  reason  for  the  fluctuant  discharge  capacities  of  2%  LTO-CMB/Li 
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Fig.  8.  SEM  photographs  of  the  cycled  CMB,  2%  and  5%  LTO-CMB  in  0.7  mol  kg’1  LiPF6-40  wt%  PP13TFSI-EC/DEC. 
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half  cell.  On  the  contrary,  the  cycled  5%  LTO-CMB  could  almost 
maintain  the  integrity  of  spherical  composite.  A  few  strip  foreign 
bodies  on  the  surface  are  the  residual  fiberglass  separators.  In  the 
magnified  images,  the  previous  loose  Li4Ti50i2  granules  on  the 
surface  of  un-cycled  LTO-CMB  composites  were  closely  linked 
together,  and  formed  a  compact  SEI  shell. 

As  shown  in  Fig.  9,  the  recorded  Nyquist  spectra  of  LTO-CMB/Li 
half  cells  comprise  of  one  semicircle  in  high  frequencies  and  a 
subsequent  inclined  line  at  the  low  frequency  end.  Here,  we 
employed  a  simple  equivalent  circuit  embedded  in  Fig.  9a  to  model 
the  sole  semicircle  behaviors  [6,21  .  In  the  circuits,  Rb  is  the  bulk 
electrolyte  resistance.  R[  is  the  interfacial  resistance.  Q  is  the 
interfacial  capacitance  and  Zw  is  Warburg  resistance.  The  fitting 
data  were  listed  in  able  1.  It  shows  that  the  LTO-CMB/Li  cells  both 
present  much  large  initial  R[  values  (1027  and  702  0  cm2),  which 
can  be  mainly  attributed  to  theirs  poor  wetting  between  liquid 
electrolyte  and  solid  electrodes  for  fresh  cells.  After  the  initial  cycle, 
the  R[  values  descended  rapidly  to  146.6  and  34.71  Q  cm2  for  2%  and 
5%  LTO-CMB  cells,  respectively.  Meanwhile,  the  R\>  values  also  has  a 
slightly  decline.  These  phenomena  should  especially  benefit  from 
solid  electrode  wetting  improvement.  Throughout  the  testing 
process,  2%  LTO-CMB/Li  cell  gave  the  minimum  values  of  R b  and  R\ 
at  the  3rd  cycle  and  then  increased  with  increasing  cycles, 
reflecting  the  interfacial  instability.  It  is  worth  to  note  that,  due  to 
the  use  of  2-electrode  coin-cells,  the  recorded  Nyquist  plots  will  be 
the  sum  of  the  impedances  of  both  electrodes  (anode  and  cathode). 
However,  because  other  factors  are  not  changed,  the  occurred  sig¬ 
nificant  differences  in  EIS  data  of  both  cells  can  be  mainly  attributed 
to  the  alteration  of  2%  LTO-CMB  and  5%  LTO-CMB  electrodes.  By 
comparison,  the  5%  LTO-CMB/Li  cell  has  more  stable  and  lower 
interfacial  impedance.  This  conclusion  can  be  also  used  to  explain 
why  5%  LTO-CMB  shows  excellent  cycle  ability  and  rate 
performance. 

Fig.  10  compares  the  XRD  patterns  of  the  cycled  CMB  and  LTO- 
CMB  composites.  Theirs  mean  interlayer  spacing,  doo2,  can  be 
evaluated  from  the  position  of  the  (002)  peak  applying  Bragg's 


Table  1 

Fitting  results  from  EIS  data  of  2%  and  5%  LTO-CMB/Li  cells. 


Test  condition 

2%  LTO-CMB 

5%  LTO-CMB 

Rb  cm2) 

Ri  (Q  cm2) 

Rb  cm2) 

Rj  (Q  cm2) 

Fresh  cell 

57.33 

1027 

61.47 

702.3 

After  1  cycle 

52.76 

146.6 

30.9 

34.71 

After  3  cycles 

48.68 

47.27 

28.97 

29.41 

After  5  cycles 

57.57 

56.77 

29.61 

40.04 

After  10  cycles 

64.47 

81.21 

30.45 

40.05 

equation.  The  average  crystallite  sizes  along  the  c-axis,  Lc,  and  the  a- 
axis,  La,  can  be  determined  by  using  the  Scherer  formula  from  the 
full-width  half-maximum  ( FWHM )  of  the  002  and  101  peaks  with 
values  of  I<  =  0.89  for  Lc  and  1.84  for  La  [22  .  These  corresponding 
structural  data  were  presented  in  Table  2.  From  Fig.  10,  it  is  easy  to 
see  that  no  obvious  diffraction  peaks  related  to  LLfTisO^  phase  can 
be  observed  for  the  cycled  LTO-CMB.  Some  scholars  considered 
Li4Ti50i2  should  be  transferred  into  amorphous  phase  (Lig.sTisO^) 
to  some  extent  when  charged  to  0  V,  and  only  showed  few  or  some 
weaker  diffraction  peaks  [23  .  Furthermore,  several  differences  of 
XRD  patterns  are  worth  to  note.  (1)  The  weak  peak  at  around 
20  =  21°  related  to  the  PP^/CMB  intercalation  compound  [24,25], 
disappeared  after  LLfTisO^  modification.  (2)  The  cycled  LTO-CMB 
composites  only  showed  more  mild  changes  in  Lc  and  Laioi,  and 
maintained  superior  graphitization  ( Table  2).  Especially,  the  G  value 
of  5%  LTO-CMB  is  94.8%  very  close  to  the  95.3%  of  pristine  CMB 
before  cycling.  (3)  The  lower  hoi  /boo  values  for  the  cycled  LTO-CMB 
samples  imply  that  the  turbostratic  structure  in  pristine  CMB  ma¬ 
terial  partially  turn  to  order  structure  because  of  the  shuttle  func¬ 
tion  of  Li-ions  [26  .  These  XRD  observations  further  prove  that 
L4Ti5Oi2  coating  can  help  to  suppress  the  intercalation  of  PPt3 
cations  and  maintain  the  more  integrated  crystal  structure. 

4.  Conclusion 


The  LTO-CMB  composites  have  been  successfully  synthesized 
via  a  hydrothermal  process.  When  the  designed  covering  amount  of 


2  theta  (deg.) 


Fig.  10.  XRD  patterns  of  the  cycled  CMB,  2%  and  5%  LTO-CMB  electrodes  in 
0.7  mol  kg  1  LiPF6-40  wt%  PP13TFSI-EC/DEC. 
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Table  2 

Structure  parameters  of  cycled  electrodes  calculated  from  XRD  data. 
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Samples 

d002  (nm) 

C(%) 

Lc  (nm) 

Lai oi  (nm) 

' — < 

i— i 

O 

<— k 

<— i 

o 

o 

Pristine  CMB  [14] 

0.3358 

95.3 

33.49 

35.09 

1.83 

Cycled  CMB  [14] 

0.3363 

89.5 

28.51 

24.69 

2.8 

Cycled  2%  LTO-CMB 

0.3371 

80.3 

38.06 

39.86 

1.5 

Cycled  5%  LTO-CMB 

0.3359 

94.8 

24.99 

36.94 

1.5 

LUTisO^  is  5  wt%,  the  final  product  shows  good  coating  uniformity 
and  surface  coverage.  The  advantages  of  LTO-CMB  composites  in 
term  of  electrochemistry  can  be  concluded  as  follows:  (1 )  LUTisO^ 
shell  can  effectively  decrease  the  initial  irreversible  capacity  loss  of 
CMB  electrodes  by  restraining  the  co-intercalation  of  PPf3  cations 
and  the  interfacial  reaction  of  EC-DEC  solvents.  (2)  The  lithiated 
Li4Ti50i2  has  a  high  electronic  conductivity  similar  to  metal  and  can 
significantly  enhance  the  cells  performances  including  the  rate  and 
cycle  ability.  (3)  The  cycled  5%  LTO-CMB  formed  a  compact  SEI  film 
with  granulated  structure,  showed  low  resistance  as  well  as  high 
stability,  and  protected  the  inner  structure  effectively.  Therefore, 
the  Li4Ti50i2  coated  CMB  materials  (LTO-CMB)  are  helpful  to 
improve  the  electrochemical  performances  of  graphite  anodes  in 
the  piperidinium-based  hybrid  electrolytes,  and  can  promote  to 
realize  the  commercial  application  of  power  sources  with  ILs 
electrolytes. 
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